High-temperature tolerance in plants is important in a warming world, with extreme heat-waves predicted 33 to increase in frequency and duration, potentially leading to lethal heating of leaves. For Tmax, the equivalent values were 51.0 and 60.6 °C in the Arctic and Amazon, respectively. Tcrit and 42
for details on site locations. Table 1 Sample sites, data collection dates, mean maximum daily temperatures of warmest months (from WorldClim) and heat-wave conditions of the sites (as determined from nearby meteorological stations) at which Tcrit and Tmax values were measured. For each site, mean values of Tcrit and Tmax are shown (°C). Also shown are specific leaf area (SLA; ratio of leaf area to leaf mass -m 2 kg -1 ), and concentrations of leaf nitrogen (N, mg g -1 ) and leaf phosphorus (P, mg g -1 ). Note that no data are available for [N] and [P] at several sites (--). Sites are listed in order of highest to lowest absolute latitude (i.e. from poles to equator). Altitude (alt, metres above sea level), number of species (n) and biome classes at each site are also shown. Biome classes: BF, boreal forests; TeDF, temperate deciduous forest; TeRF, temperate rainforest; TeW, temperate woodland; TrRF_lw, lowland tropical rainforest (<1500 asl); TrRF_up, upland tropical rainforest (>1500 asl); Tu, tundra. Other abbreviations: HWRC, Hubecheck Wilderness Research Center; TAS, Tasmania; ACT, Australian Capital Territory; ANU, Australian National University; WA, Western Australia; NT, Northern Territory; QLD, Queensland. Tcrit and Tmax refer to the high T tolerance of photosynthesis and leaf respiration, as defined in the main text. site) were not outliers in relation to thermal environment with latitude; the high altitude site in Peru was 152 therefore used in analyses related to growth T but not to latitude. 153
For each of the 19 sites, measurements were conducted over a 1-to 3-week period during one of 154 the warmest months of the year (Table 1) . A single leaf from three to four replicate individuals of a 155 representative species were selected for measurement at each site, with the exception of the two Peruvian 156 sites where only one replicate per species was selected due to time and logistical limitations 157 (corresponding to 16% of the species in the dataset). Upper canopy, sun-lit leaves were sampled and 158 stored in cool, moist dark conditions until measurement of T-responses, typically within six hours of 159 sampling. In total, we developed a global HTtol data set comprising 798 individual measurements of 218 160 plant species representing a range of plant functional types including evergreen and deciduous tree 161 species, evergreen shrubs and forb species. The vast majority of the selected species were woody (203 162 sp.), with 15 non-woody species being sampled at three sites (Toolik, Alaska and the two sites in Western 163 Australia). Finally, to assess whether Tcrit and Tmax seasonally acclimate, additional measurements were 164 made on a three species at the Greater Western Woodland site in Western Australia (Olearia mulleri, 165 Walz GmbH, Effeltrich, Germany). After a 30-min dark adaption period, the cooled cuvette chamber 179
Ptilotus holosericeus and
was heated continuously at a rate of 1°C min -1 , until Tmax was reached (generally leaf T between 55-180 70°C). Leaf T was measured with a small-gauge wire copper constantan thermocouple pressed against 181 the lower surface of the leaf, and which was attached to a LI-6400 external thermocouple adaptor 182 (LI6400-13, Li-Cor Inc., Lincoln, NE, USA) that enabled leaf Ts to be recorded by a LI-6400XT portable 183 gas exchange system (Li-Cor Inc.). 184
During each T-response experiment, we measured Fo in the presence of a low intensity far-red 185 light pulse (necessary to maintain PSII in the oxidized state) every 30 s using a MiniPAM portable 186 chlorophyll fluorometer (HeinzWalz, Effeltrich, Germany) fitted to the glass surface of the leaf chamber. (normalised so that maximum value equals 100) and T across a 3°C range centred on the measurement 191 temperature. The regression lines for the flat and steep parts of the curve were calculated using points 192 where the slope values were <1 or >3.5 respectively. These values were chosen arbitrarily but used 193 consistently to ensure comparable Tcrit values. Respiratory CO2 release was also recorded at 30s intervals 194 using a LI-6400XT portable gas exchange system [fitted with an empty and closed 3 x 2 cm cuvette Cor 6400-02B)] that was plumbed into the air-stream exiting the leaf chamber. 
Meteorological data 206
Local meteorological station data (using the nearest meteorological station at a comparable altitude; 207 Table S2) other sites, meteorological station data were collected from publically available records accessed from 215 national government websites Ishida et al., 1999) . In most cases, 216 data were collected from a station within 100 km with an elevation difference of <100 m, with the 217 exception of the sites in Costa Rica and Atherton, QLD (Table S2) . 218
The use of local meteorological data allowed for the assessment of recent heat-wave events to 219 calculate the thermal safety margin of HTtol for Tcrit and Tmax referenced against air T. The thermal safety 220 margin was defined as the difference between the HTtol of each species at each site and the observed heat-221 wave extremes, with latter being the mean maximum air T of the warmest three-day period at each site 222 12 accounted for by including altitude in a model, or more simply site temperature (which is influenced by 247 latitude and altitude). Similarly, the variation in observed values might reflect the impact of 248 environmental factors other than mean maximum T of the warmest month, such as drought, on Tmax and 249
Tcrit. With these issues in mind, we used backward-stepwise regression to select best-fitting equations 250 from a starting set of input climate variables, using site-mean values of Tmax and Tcrit. To explore 251 relationships between HTtol and associated leaf structural and chemical composition traits, we conducted 252 additional backward-stepwise regressions to select best-fitting equations from a starting set of both input 253 climate variables and the following leaf traits: specific leaf area (SLA), leaf [N] and [P]; for theses 254 analyses, we used both site-mean and species-mean values of the above traits. In all of the above cases, 255 parameters were chosen that exhibited variance inflation factors (VIF) <2.0 (i.e. minimal co-linearity); 256 F-to-remove criteria were used to identify best-fitting parameters. Multiple regression was then used to 257 estimate predictive equations for the chosen variables. The PRESS statistic (predicted residual error sum 258 
Current biogeographical patterns in HTtol and thermal safety margins 290
HTtol, as measured by Tcrit and Tmax, was greater at lower latitudes (Fig. 2a) and at warmer sites (mean 291 maximum T of the warmest month of the year) (Fig. 2b) , noting that growth T co-varies with latitude. 292
Mean site-based Tcrit was 10.5 ± 0.6 °C lower than mean Tmax, but both followed similar biogeographic 293 294 Table 2 for further details). Larger points indicate site means ± SE with species mean data indicated in smaller points. In (Table  297 2) were maintained when considering the northern and southern hemisphere sites separately (Fig. S2) . 298
Similarly, an analysis of covariance (with latitude or mean maximum T of the warmest month of the year 299 as co-variants) revealed there was no main effect of whether species were categorized as evergreen or 300 deciduous, indicating that the above HTtol patterns are unlikely to be dependent on leaf growth habit (Fig.  301   S3 ). Although we focus on the high T of the warmest months, the positive relationship of HTtol with air 302 Table 2 Equations of linear relationships shown in Fig. 2 Table 3. Regression equations expressing Tmax and Tcrit as function of site climate and leaf traits, using site-mean values of leaf traits. n = number of sites. To select the best fitting equation from a group of input independent variables, data were explored using Backwards-Stepwise Regression -this revealed that chosen parameters exhibited variance inflation factors (VIF) less than 2.0 (i.e. minimal multicollinearity); it also identified best-fit parameters (using F-to-remove criterion). Thereafter, multiple regression analyses were conducted to estimate predictive equations for the chosen variables. All T is similar for a variety of metrics (e.g. mean annual T). Furthermore, in no case did accounting for site 304 aridity significantly improve model fits over and above fits obtained using data on location or climate, 305 when using site-mean values (Table 3) (Table 3) . When using species-mean data, accounting for the above leaf traits also did not improve 309 model fits for Tcrit (Table S5 ), suggesting that HTtol of photosynthesis is not linked to leaf traits strongly 310 linked to growth potential; by contrast both mean maximum temperature of the warmest month (MTWM) 311
and leaf [P] were retained the preferred model for Tmax, when using species-mean values (Table S5) . 312 Table 4 Percentage of species measured which exceed the Tcrit thermal safety margin (i.e. Tleaf >Tcrit) during heat-waves under current and future (RCP8.5 in 2050) climate scenarios. For both 'Current' and 'Future (RCP8.5 in 2050)' scenarios, the percentage of species exceeding Tcrit are shown for events where the elevation of leaf temperature (Tleaf) over that of the surrounding air temperature is calculated at +0, +5 °C and +10 °C Both Tcrit and Tmax ranged ~8 °C from arctic to equatorial sites (Fig. 2) . This 8 °C range in HTtol 313 is narrow when compared to the 20 °C range in mean maximum daily T of the warmest month from arctic 314 to equatorial sites ( Table 1 ), suggesting that thermal safety limits of Tcrit and Tmax are not constant across 315 the globe. To assess whether this might be true, we quantified geographic variation in heat-wave extremes 316 using the mean maximum air T of the warmest recorded three-day period of each site from 2001-2010 317 (Fig. 3a) because these represent extreme events that might result in thermal leaf damage. The current 318 station data (Fig. 3a) show that highest heat-wave Ts do not occur in equatorial tropical forests where 319 there is high potential for loss of latent heat during evaporation (Strahler & Strahler, 1989) ; rather, the 320 highest heat-wave Ts occur at the relatively dry, inland sites at mid latitudes (20-40°) (Fig. 3a) . Air Ts 321 during these periods approach mean HTtol (for Tcrit) thresholds at each site ( Fig. 3a) and exceed some 322 individual species HTtol thresholds (Table 3) . If leaf Ts exceed air Ts (e.g. by +5 or +10 °C; Fig. 3a) , as 323 
when predicted leaf T is +10 °C greater than air T).
Excluded from the figure are data from the tropical, high-altitude site in Peru.
can sometimes occur (Table S1) , HTtol (for Tcrit) thresholds are breached for greater numbers of species 324 (Table 4) , surpassing some site means (Fig. 3a) , with species in mid latitude sites (20-50°) most at risk. 325
Greater numbers of species are at risk under heat-wave scenarios predicted under RCP8.5 (Fig. 3b) . The 326 narrowest thermal safety margins (calculated using the mean maximum heat-wave air T recorded at each 327 site) occur in species at mid-latitude (~20° to 50°) sites ( Fig. 4a ; Figs S3 & S4), mirroring global heat-328 wave patterns (Fig. 3a) . Thus, although HTtol increases with increasing mean maximum T of the warmest 329 month (Fig. 2b) , such increases in HTtol are insufficient to maintain geographic homeostasis of the 330 thermal safety margin at mid-latitude sites where the severity of heat-waves is most pronounced. 331 (Fig. 3a) ; and, (b) predicted future values of Tcrit (accounting for potential thermal acclimation) and estimated future mean maximum 3-day heat-wave temperatures under RCP 8.5 (Fig. 3b ) for each measured species at each site. Grey shading indicates 95% CI of TSM across latitudes. Red hatched box when TSM < 0 and so corresponds to the leaf injury zone at which Tcrit has been exceeded when no elevation in leaf T has been assumed. White/open symbols indicate site means ± SE. Green/closed circles indicate individual species mean TSM values at each site. Site-mean values for a high altitude site in the Peruvian Andes (excluded from regression analysis) are shown with an open, grey circle. Note: see Supplementary Fig. 4 for equivalent Tcrit TSM values assuming that leaf T exceeds air T by +5 and +10 °C, and Supplementary Fig. 5 for equivalent Tmax TSM values assuming that leaf T = air T, and exceeds air T by +5 and +10 °C
Future warming impacts on thermal safety margins 333
At two sites (GWW and Atherton), we assessed the extent of seasonal acclimation of Tcrit and Tmax in 334 three species at each site. By measuring HTtol in the same species in cool and warm seasons, we could 335 quantify the extent to which Tcrit and Tmax varied in response to changes in mean daily T of the 30-day 336 period prior to measurements. Table S6 shows that at GWW (temperate woodland), Tcrit and Tmax 337 increased by 0.30 and 0.35 °C per 1.0 °C difference in growth T, respectively, when averaged across the 338 three selected species; at Atherton, Tcrit and Tmax increased on average by 0.49 and 0.18 °C per 1.0 °C 339 difference in growth T, respectively. Thus, while not a definitive measure of thermal acclimation, the 340 data point to seasonal adjustments consistent with HTtol increasing as growth T increases. 341
Because of limited knowledge of the extent of thermal acclimation of Tcrit and Tmax across our all 342 species and the 19 sites, we used the relationships with current climate in Fig. 2b and Table 3 
to simulate 343
Tcrit and Tmax increases with climate warming (see Methods), noting that both traits exhibit evidence of 344 seasonal acclimation in the species shown in Table S6 . Here, we assumed that the geographic patterns in 345 (Fig. 2b) , which is consistent with empirical evidence of Ghouil et al. (2003) and is similar 349 to the seasonal shifts in HTtol shown in Table S6 ; given this, we used relationships shown in Fig. 2b and 350 Table 3 as a first-order approximation of acclimation of HTtol parameters to warmer future growing 351 conditions. Thus, the slopes of the relationships of Tcrit and Tmax against mean maximum T of the warmest 352 month (Fig. 2b) (Fig. 3b) , with a narrowing of thermal safety margins 359 across all sites by 2050 (Fig. 4b, Table 2 ), due to the predicted increases in air T being greater than the 360 predicted acclimation-dependent increases in Tcrit (for full comparison of different RCP scenarios, see 361 Table S3 ). When averaged across all sites and assuming leaf and air T are in equilibrium, 5% and 7% of 362 species are likely to exceed their Tcrit thermal safety margins in current and future climates, respectively. 363
Importantly, the degree of narrowing of the thermal safety margin in 2050 would be even greater for 364 species that do not acclimate much or at all. Thus, by assuming a uniform degree of acclimation for all 365 species, our approach provides a conservative estimate of the possible effects of future warming on the 366 thermal safety margin, noting that the deleterious effects of warming would be even more severe if HTtol 367 fails to increase proportionally as growth T increases above an optimum, as has been suggested (Barua 368 Table S4 ). The majority of species exceeding their thermal safety margins for Tcrit occur at mid-latitude 383 sites that currently experience the warmest heat-waves (2001-2010) with 100% of measured species at 384 several sites exceeding their thermal safety margin in some climate change scenarios (Table S3 ). The 385 mid-latitudes are also most likely to experience the warmest extremes in the future and to have the 386 greatest fraction of species at risk of damage from such events ( Table 2) . 
22
The greater HTtol in hot, low-mid latitude regions might simply reflect phenotypic adjustments of 405 individual plants to sustained exposure to high air T (i.e. thermal acclimation). Indeed, at two field sites, 406
we have observed seasonal adjustments in several species consistent with thermal acclimation of HTtol 407 (Table S6) that acclimation may contribute to the biogeographical patterns observed in our study, particularly given 429 our observation of seasonal adjustments in Tcrit and Tmax (Table S6) . While further work is needed to 430 assess the extent to which Tcrit and Tmax acclimate to sustained changes in T per se, a conservative 431 approach to predicting potential negative effects of future warming would assume that acclimation does 432 occur -it is for this reason that we assumed a uniform level of acclimation for all our selected species 433 when modelling the effect of future (RCP 8.5) warming on the thermal safety margin of HTtol (Fig. 4b  434 and Figs S5 & S5) . For our analyses, we assumed that the slope of relationships linking Tmax and Tcrit to 435 mean maximum T of the warmest month (Fig. 3b) could provide an estimate of acclimation potential, 436 with the assumed acclimation equations allowing for 0.38°C and 0.26°C change in Tcrit and Tmax 437 respectively per 1.0°C change in mean maximum T of the warmest month (see Table 3 ). HTtol (hence the fact that the thermal safety margin of HTtol is not constant - Fig. 4a; Figs S4 & S5) . 455
While the above mentioned acclimation mechanisms are likely to lead to increased heat tolerance, it 456 seems likely that there is limit in the extent to which they facilitate increases in HTtol of photosynthesis 457 and respiration, which in turn reduces the thermal safety margins of these processes for plants growing 458 at the warmest sites. occurring species at each site (Fig. 3) . Thus, while many species can tolerate high leaf Ts, other co-495 occurring species possess a smaller safety margin (i.e. lower Tcrit and Tmax) (Fig. 4 and Fig. S4 (Table S5) , irrespective of whether site-mean or species-mean data were used in the 501 analysis. While the results in Table 3 transpiration would further elevate leaf T above air Ts. Moreover, heat-wave events will generally 521 become more common in the future. As mean air T in the tropics and mid-latitudes is predicted to exceed 522 current extreme T events by 2100 (Battisti & Naylor, 2009), vulnerability of upper canopy leaf 523 metabolism to heat-wave events will increasingly become a reality (Fig. 2b and Table 2; Figs S4 & S5  524   27   and Tables S4 & S5) . Under future climate warming scenarios, our findings suggest that upper canopy 525 leaf metabolism may be at substantially increased risk during heat-wave events, particularly when those 526 are combined with drought (IPCC, 2012). Although this finding is speculative, it is worth noting that 527 native plants in mid-latitude regions may be particularly at risk. If loss of metabolic capacity impacts on 528 rates of net carbon gain at the whole-plant level, there is a possibility that heat-waves may contribute to 529 dieback of heat-sensitive species, with consequences for gross primary production (GPP) and global 530 species distributions in a future, warmer world (Reyer et al., 2013) . Finally, when considering the extent 531 to which heat-waves will impact on GPP and distribution of plant species, an assessment is needed not 532 just of HTtol of leaf metabolism, but also how heat affects other plant processes during vegetative growth 533 (e.g. efficiency of water use) and reproduction, with the latter being particularly sensitive to heat-waves 534 and where leaf T is +5 and +10°C > air T. 788 Table S1 . Maximum increase in leaf T above air temperatures as reported in literature 789 Table S2 . Details of nearest meteorological stations to each of the sites. 790 Table S3 . Percentage of species where thermal safety margin (Tcrit) was exceeded under different climate 791 scenarios 792 Table S4 . Percentage of species where thermal safety margin (Tmax) was exceeded under different climate 793 scenarios 794 Table S5 . Regression equations expressing Tmax and Tcrit as a function of climate and other leaf traits, 795 using species mean data on leaf traits. 796 Table S6 Seasonal changes in in high T tolerance Tmax and Tcrit at two field sites in Australia 797 Table S7 . Source data (Excel file). 
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